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〈(n = 0)?〉
〈r := 1〉
〈(n > 0)?〉
〈x := n−1〉
〈ret r :=
f(x)〉
〈call r :=
f(x)〉
〈r := r
∗n〉 〈r := f(x)〉
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RY¢XYcZVWX9sUW?0K0.;=?cZ?0X9K
GVar ,LVar
jJ?T=RYMO?(KO?MkKRY&¢3X9cOVXYs=?1K
g ,-. VWK(jJ?=TU?1j«sLIXhKO?M(RY%x9WR9s=X9¢3X9cOVXYs=?1KXhKO?M(RY%^UcORJP?0jJSUcZ?0K0"X9T=j
XKO?MDRYPR9T=PSUcZcO?0ToMMO;UcZ?0XojUK¨ KN?0? K&VWxoK05w3`n9ªg ]\ -
T t
VWKDjJ?_TU?0js.IhVMZK>XYVWT
^UcZRJP?0jUSUcO?ojJ?TUR9MO?1j¥X9K
P t0
 ;]X9Pk;T 
Pi = 〈fpi, fri, li, Gi〉
VWKjJ?=T=?0j¥sLI
VMZK¢9?1P MORocR9¨ R9cZ>XY ª(VWTU^USJM@^=X9cZX9>?MO?0cZK
fpi
]R9SJMZ^USJM@^=XYckXY>@?MZ?ckK
fri
]X9T=jWRJPXY
¢XYcZVWX9sUW?0K
li
¨MO;=XYMVWT=PWS=jJ?1KR9cZ>XY ^=X9cZX9>?MO?0cZKkª UX9T=js.IVMkKVWToMZcZX9^UcZRLP?0jJS=cZX9A K[^
¨©PR9T.MOcZR9I_R¤x9ckXY^U;5ª
Gi

:;U?D	 _a`b RYX^=cORJP?1jJSUcZ?
P
VKQXx9ckXY^U;
G = 〈K, I〉
;U?0cO?
 K VKMZ;U?%KO?M&RY 
	
#]R9 P YPR9T.MkXYVWTUVT=xSUTUV
\ SU?]?0T.MOcZIX9T=j(?LVMPR9T.MZcORo
^_RoVT.MZK
s
X9T=j
e
H
 I : K×K → Inst XYs5?K]?1jJx9?1KdR9MO;U?Dx9ckXY^=;VMZ;{Mf%RLVT=j=KR9VT_KfMZcOS=PMOVWR9T=KEBVT.MOckXY^=cORJP?1jJSUckXYVWT=KfMZcOS_P MOVWR9T_K
〈R〉
X9T=j^UcORJP?0jJSUcZ?PX9K
〈y := Pj(x)〉
;U?0cO?
x
X9T=j
y
X9cO?DMO;=?(¢9?0PMORocZK%RYX9PMOS=X9 VTU^=SJMXYT_jRoSJMO^USUMQ^=XYckXY>@?MZ?ckK
ToMZcZX9^UcZRLP?0jJS=cZX9VWT=KfMZcOS_P MOVWR9T_KX9cO?KO^_?1PV=?0j X9KXcO?0WXYMOVWR9T
R ⊆ (GEnv ×
LEnv)2
XYWWRVTUxhMZR?L^=cO?1KOKs_R9MO;Xx9S=X9cZjRoT¥x9WR9s_XYX9T=jWRJPXY%¢XYcZVWX9sUW?0K0
XYT=jXMOckXYT=KNR9cZ>XMOVWR9TRY
MO;UR.KN?(¢XYcZVXYsUW?0K0
 ?cO? \ S=VcZ?MO;=?
G
MZRs5?jJ?MO?cZ>@VT=VWKNMOVPRoc^UcZRJP?1jJSUcZ?PX9KVb ?oV
I(c, c′)VWK@XPXYW%MO;U?0T§MZ;U?cZ?h?JVKfMkKT=R
c′′
KOS=Pk;¥MZ;=XM
I(c, c′′)
Roc
I(c′′, c′)
VKX«P0XYW 
:;U?hSUT=PMOVWR9T=K
call
X9T=j
ret
cO?1PRocZj>XMZPk;=VTUx¥P0XYWQXYT=j¦cZ?MZSUcOTU` KOVMZ?TURJjJ?0KEB
call(c) = c′
XYT=j
ret(c′) = c

:;U? ,-Y_>`Kb
G
RY&MO;U?^=cORox9ckXY> VKQPRoT=KNMOcZS=P MZ?0jhX9KMZ;U?SUT=VRoTRYVT.MOckXY^UcZRY`
P?1jJSUckXYA Kc^
Gi
 K0SUcOMO;U?0c>@RJjJV=?0j§sLIcZ?^=WXoPVWTUx?0jUx9?0KWX9s_?0W?0j¥s.I^UcZRJP?1jJSUcZ?
PX9KsLI«X dd #%%?0jUx9?¨©PR9TUTU?1P MZVTUxhMZ;U?{PX9`KNVMO?MORhMZ;U??T.MZcOI^5R9VWT.MRY%MO;U?
PX9W??3ªXYT=j¦XYT  >	ed fd
 %?0jUx9?¨©PRoTUTU?1P MOVWTUxMO;=??JVM^5R9VWT.M{RYMZ;U?PX9W??MOR
XYX[Z\^]%]_E`
n   %
 
v ∈ Value >(
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3* aC	??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*	+
'%+
σ ∈ GEnv = GVar → Value >;#%#'
%)(fD	#-2!	
ε ∈ LEnv i = LVar i → Value
>%
%7f(f	-2!	[ 		 Pi
ε ∈ LEnv =
S
i
LEnv i
>%+
%)(fD	#-2!	[ *Y
@A		
r = 〈c, ε〉 ∈ Act = K × LEnv c
!	(
*!	#B	1 9: !1
*
*1?-.
!	 <
Γ ∈ Act+ > !1
   9:? <  a
*!	(#
4!	+B	*1
〈σ, Γ〉 ∈ St = GEnv × Act+ > !1
*!	 8
 !		
BB?#%+
4!	+
〈σ, Γ1, Γ2〉 ∈ S = GEnv × Act+ × Act+ a %%/	;1
-  !1
4!	
:&XYs=?(w^B]GJ?>XYT.MOVPjJR9>X9VT=K
MO;U?¥cZ?MZSUcZTJ` KOVMO?1ª(KN?0? K
VWx=qY :;LS=KhMZ;U?cZ?¥XYcZ?MO;UcZ??LVWT=jUKR9VWT=KNMOcZS=P MZVRoT=KhX`
s_?0WVT=x?0jJxo?0KRYx9WR9s_XY
A Kc^KEBVWToMZcZX9^UcZRLP?0jJS=cZX95VWT=KNMOcZS=P MZVRoT=K
〈R〉
_^UcZRLP?0jJS=cO?PX9K
〈cally := Pj(x)〉
XYT=j^UcZRJP?1jJSUcZ?{cO?MOSUcZT=K
〈rety := Pj(x)〉
 ;]ToMZcOITURJjJ?1K;=XoK
TURVWT=PRo>@VTUx?0jJxo?0K?UP?0^JM%P0XYW`bMOR9` KNMZX9cNM?0jJxo?0K0
proc(c)
jJ?TUR9MO?1KdMZ;U?¨©VT_jJ?{R9 MO;U?3ª
^UcORJP?0jJSUcZ?DMO;=XYMPRoToMkXYVWT=K
c

IKJ I 
	aNSR[X	PW R U	cT R3WYX
σ
Γ
1
z }| {
c
1
n1
ε
1
n1

c
1
0 ε
1
0
Γ
2
z }| {
c
2
n2
ε
2
n2

c
2
0 ε
2
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2 ` 31 - ( 254
K&VxoSUcZ?{q-BadcZR9xocZX9>KNMZXYMO?VTKNMZX9TJ`
jUX9cZjKN?0>@X9T.MOVPK
KUR9cMZ;U?KOX99?RYKNVW>@^UVPVMfI9"cORo>FTUR RoT«%?
X9KZKNSU>@?X¥^UcORox9ckXY> VMO; R9TUWI§Mf%RMO;=cO?1X9jUK0
:;U?KN?0>@X9T.MOVP«jJRo>XYVWT=KhXYcZ?KOSU>@>XYcZVWKO?0j¬VWT
:
X9sU?wU
g KNMZXYMO?
s = (σ, Γ1, Γ2)
VKjJ?=T=?0j sLI
Xx9WR9s=X9?TL¢LVcZR9T=>?0T.M
σ
X9T=j¦MO;=?KfMkX9PkJK
ΓtRY -
	76	 $#RYMZ;U?tMZ;UcZ?0X9j=KKO??
K
VWx=q9gT¥X9P MZV¢XYMOVWR9TcZ?0PRocZjVKXh^=X9VcRYQX
PR9T.MZcORo^5R9VWToM
c
XYT=j¬X9T¤WRLP0XY?TL¢LVcZR9TU>@?0ToM
ε

〈ctnt , ε
t
nt
〉
VWK{MO;U?PSUcZcO?0T.MR9cMOR9^
X9P MZV¢XYMOVWR9TcO?1PR9ckj{R9
MZ;U?MO;=cO?1X9j
T t

;dTL¢.VWcZR9TU>@?T.MkK>XY^h¢XYcZVWX9sU?1KMOR¢X9SU?1K:;U?0IP0XYThs_?PR9T_PXMZ?T=XYMO?1jVMO;hMZ;U?
⊕
R9^5?ckXMORoc0&XYT=j¥SU^5j=XMO?1jVMO;MZ;U?T=RYMZXYMOVWR9T
σ[x 7→ v]
 
v,v′
X9cO?{¢o?0PMOR9ckK(R9
¢3X9cOVXYs=?1K
ε(v)
jJ?T=RYMO?1KDMO;U?PR9cZcZ?0KO^_RoT=jJVWTUx¢o?0P MZR9c(R9%¢XYWSU?1K"X9T=j
v \ v′
jJ?0TURYMZ?0K
MO;U?KOSUsL¢9?1P MORocRY
v
MZ;=XMjUR.?1KTURYMPR9T.MZX9VTXYTLI{¢XYcZVXYsUW?VT
v′

:
X9s+A=ckKfMjJ?=TU?1K{¨VWT¥G=BG.`KfMfILW?1ªMO;U?KN?0>@X9T.MOVPKRYR9T=?MZ;UcZ?0X9jVWTVWKOR9XMZVRoT
¨ MOckXYT_KNVMOVWR9T{cZ?XMZVRoT
→t
ª:;U?MZcZX9T=KOVMZVRoTcO?0WXYMOVWR9T
→ ⊆ S×S
VWT=jJS_P?0jsLIMZ;U?SU
^UcORox9ckXY> VWKdMO;U?0TjJ?_TU?0j{XoKdXKO^_?1PVXY5X9KOI.T_Pk;UcORoTUR9S_K^UcORJjJS_P MR9MO;U?MfRMZcZX9T=KNVMOVWR9T
cO?0WXYMOVWR9T=K
→1
XYT=j
→2
dVWT¥;UVPk;¥MO;=?xoRos=XY?TL¢LVcZR9TU>@?0ToMVWKKO;=XYcZ?0j   ?jJ?=TU?
MO;U?VWTUVMOVXY&KN?MRYKfMkXMZ?0KQXoK
S0 = {〈σ, 〈s10, ε
1〉, 〈s20, ε
2〉〉 | init(σ)}
;U?0cO?
s10
XYT=j
s20jJ?TUR9MO?DMO;=?KNMZX9cNM^5R9VWT.MR9"MZ;U?>@X9VT^UcZRJP?0jUSUcO?DRY
?0X9Pk;MO;UcZ?0Xoj UXYT_j
init
X9TVWTUVMZVWX9
PR9T_jJVMZVRoThR9Tx9WR9s=X95¢X9cOVXYsUW?0K0
IKJ38 9 P:;	<)X1W Q U	>T R3WYX)J
:;U?@R9cZ%X9cZj«PRoW?0PMOVWTUxKN?0>@X9T.MOVPKDVT_jJS=P?1js.IXMOckXYT=KOVMZVRoTKOIJKfMZ?>
(S,→)
Pk;=XYcO`
X9P MZ?cZV0?0KMO;U?KN?MRYQcZ?0XoPk;=XYsUW?{KNMZXMZ?0KRYX^UcZR9xocZX9>h"cZR9> XKO?MR9=			 #%  #
X0 ⊆ S
B
reach(X0)
def
= {s | ∃s0 ∈ X0 , s0 →
∗ s}
¨Nq1ª
>=  -  Z ?'@ ( 
E A E+ def=
S
i>0 E
i 
&('X)&+*
 
		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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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It(c, c′) = 〈R〉
R(σ, ε, σ′, ε′)
˙
σ, Γ ·〈c, ε〉
¸
→t
˙
σ′, Γ ·〈c′, ε′〉
¸
9  !?1
 <
It(c, sj) = 〈cally := Pj(x)〉
R+
y:=Pj(x)
(σ, ε, εj)
˙
σ, Γ ·〈c, ε〉
¸
→t
˙
σ, Γ ·〈c, ε〉·〈sj , εj〉
¸
9
%% <
It(ej , c) = 〈rety := Pj(x)〉
R−
y:=Pj(x)
(σ, ε, εj , σ
′, ε′)
˙
σ, Γ ·〈call(c), ε〉·〈ej , εj〉
¸
→t
˙
σ′, Γ ·〈c, ε′〉
¸
9Y5! <
〈σ, Γ1〉 →
1 〈σ′, Γ′1〉
〈σ, Γ1, Γ2〉 → 〈σ′, Γ′1, Γ2〉
9[ < 〈σ, Γ2〉 →2 〈σ′, Γ′2〉
〈σ, Γ1, Γ2〉 → 〈σ′, Γ1, Γ′2〉
9[ <
R
+
y:=Pj(x)
(σ, ε, εj)
def
= εj(fpj) = (σ ⊕ ε)(x)
9
	 <
R
−
y:=Pj(x)
(σ, ε, εj , σ
′
, ε
′)
def
=

σ′ = σ[y 7→ εj(frj) | y ∈ GVar ]
ε′ = ε[y 7→ εj(frj) | y ∈ LVar ]
9 <
:&XYsUW? ABdG.MZX9T=jUX9cZjB^_?0cZXYMOVWR9T=X9GL?>XYT.MZVWP0KB&MOckXYT_KNVMOVWR9TcO?0WXYMOVWR9T
→t
R9"MZ;U?MO;UcZ?0Xoj
T t
X9T=jMOckXYT=KOVMZVRoTcZ?XMZVRoT
→
RY_MO;U?S=U^=cORox9ckXY>h":;U?cZ?XMOVWR9T_K
RoT?0TL¢.VWcZR9TU>@?T.MkK
R+
X9T=j
R−
jJ?=TU?(^=X9cZX9>?MO?0c%^_X9KZKNVWTUx>?1Pk;=XYT=VWKO>K
 M{VK@MO;U?«KfMkXYT=jUX9cZj¦KO?>XYT.MOVPKRoc{VWTJ?cZcOVWTUxVWT.¢X9cOVXYT.MZK0 KURoc
X ⊆ S
%?jJ?=TU?
MO;=?@PR9T=PcO?MO?^_R.KfMkPR9T_jJVMZVRoTRo^_?0cZXYMOR9c
post(X)
def
= {s′ | ∃s ∈ X : s → s′}
 ;UVPk;
%?VWW]X9PMOS=X9WIjJ?1PR9>@^5RoKO?@VT.MORhRo^_?0cZXYMOR9ckKDX9KZKNRJPVXMZ?0jMORMO;=?@MOckXYT=KOVMZVRoT=KDRY%MO;U?
VWToMZ?cZ^UcZRLP?0jJS=cZX9 I_R x9ckXY^=;
G
B
post(X) =
⋃
(c,c′)∈K×K
post(c
I(c,c′)
−−−−→ c′)(X)
post(c
I(c,c′)
−−−−→ c′)(X)
VWK?1X9KOVWIjJ?0jUS=P?1jcZR9> MZ;U?{KO?>XYT.MOVPcOS=?1KR9%:&XYs+AU KUR9c
X0, X ⊆ S
L?DjJ?=T=?MZ;U?RocOXYckjMOckXYT_Kf?0c]SUT_P MOVWR9T
F [X0](X)
def
= X0 ∪ post(X)

GLVWT=P?
F [X0]
VWK
>@R9TUR9MOR9T=?XYT_jPRoToMZVTLSURoS=K03XoPPR9ckjJVT=xMOR23?0?TU?  K"MO;U?0R9cZ?>8%?;=X3¢o?
reach(X0) = lfp(F [X0]) =
⋃
n≥0
(F [X0])
n(∅)
V%IjJS=XYWVMfI9.MO;U?s=XoPkL%X9cZjPR9W?1P MOVWTUxKN?0>@X9T.MOVPK%Pk;=XYckX9PMO?cZVW?0KdMO;U?KO?MRY
KNMZXYMO?0K
PRocO?1X9Pk;=X9sUW?cORo> ¨Vb ?o(?1X9jJVWTUx{MZR.ªXKO?MDRY<#%%#  MVWKMO;=?T=XYMOSUckXYPk;URoVWP?
R9cVTJ?0cOcZVWTUxR9cPk;U?0PkLVWTUxXTU?0P?0KZKOX9cOI«PR9T_jJVMZVRoTR9TX^UcZR9xocZX9> KNMZXMZ?@MORcZ?0XoPk;X
=T=X9 UMfI.^=VWP0XYWI?0cOcZR9TU?0R9S=KPR9TJ=xoSUckXMOVWR9T"  ?(x9?M%MZ;U?R9WWRVTUxjJ?=TUVMOVWR9T=KEB
pre(X) = {s | ∃s′ ∈ X : s→ s′}
coreach(X0) = lfp(G[X0])
VMZ;
G[X0](X) = X0 ∪ pre(X)
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K0JVTh;UVPk;
qox9WR9s=X95¢X9cOVXYsUW?0K%VW"s_?(^=XoKOKO?0j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^XcZR9?0TPR9^LIRYR9cZ>@X9^_XYckXY>@?MZ?ckK¨©VT=PS_jJVT=x«MZ;U?
MZ;URoKO?;UR9jJVWTUxMO;U?(¢XYWSU?(R9
x9WR9s_XY¢XYcZVWX9sU?1KZª
:;UVWK]MO?1Pk;UTUV \ SU?QVK]PX9KZKOVWP0XYUVWT{cZ?XMOVWR9T_XYUVWT.MO?cZ^UcZRJP?0jUSUcZX9UXYT=X9IJKOVWK0YRoc]cZ?XMZVTUxMZ;U?
^_R.KOKOVs=?KNMZXYMO?1KRYQXh^UcZRJP?1jJSUcZ?{XMVMZKKfMkXYcOM^_RoVT.MVMO;§VMkK^5RoKZKNVWsUW?KfMkXMZ?0KXYMVMZK
?JVM^5R9VWT.M0d:;U?R9T=I{jJV£?cZ?T=P?DVWTMO;U?(PRoT=PS=cOcZ?T.M%P0X9KO?VK%MO;_XM?D;=X3¢o?MZR?0T=KNS=cO?
MO;=XYM]MO;=?QMO;=cO?1X9jUKXYx9cZ??1KR9T{MO;U?DPSUcZcO?0T.M]¢XYWSU?QRYxoRos=XY=¢3X9cOVXYs=?1K.X9K?0X9Pk;@R9 MO;U?0>
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 ?{VWW%XoP MOS_XYWIjJ?=T=?{Mf%RVT=KNMOcZSU>@?T.MZ?0jKO?>XYT.MOVPK0R9TU?{jU?0jJVPXYMO?0jMZRRocN`
%X9cZjXYT=X9IJKOVWKX9T=jMZ;U?RYMZ;U?c(RoTU?jJ?0jUVWP0XMO?1j«MORhs=X9PkLXYckjX9T=XYWIJKNVK@:;U?xoRoXYR9
XYT§VWT=KNMOcZSU>@?T.MO?1jKO?>X9ToMZVWP0KVKMfIL^UVPXYWWI«MZRMOckXYT=KNR9cZ> ^UcORo^_?0cNMZV?1KRoT§?L?1PSJMZVRoT=K
VT.MOR^UcORo^_?0cNMZV?1KR9T¥¨©VT_KfMZcOSU>@?0ToMZ?0j=ªKfMkXMZ?0K0UMO;_XMP0XYTs5?WXYMO?0c?J^UWR9VMO?1jVTX{>RocO?
XYs=KNMOckX9PMKN?0>XYT.MOVPK0T¥RoSUcP0X9KO?9%?{VWR9sUMZXYVWT¥KNMOcZR9TUx^=cORo^_?0cNMZV?1KR9T§^_R.KOKOVs=?
PXYW` KNMZXoPkLK0"T@^=X9cNMZVWPSUXYc1YVMdVWW=^UcZR¢LVWjJ?XTU?1P?1KOKZXYcZIPRoT=jJVMOVWR9T=KRocdXYTX9PMOVW¢XMOVWR9T
cO?1PR9ckjMZRWV?%s5?WR¥XYTUR9MO;U?0c&XoP MOVW¢XMZVRoTcZ?0PRocZjVWT@PXYW` KNMZXoPkLK00MO;=XYM&VWLs5??J^UWR9VMO?0j
s.IMO;U?KNMZXoPk{XYs=KNMOckX9PMOVWR9TMO;=XYMQVWs5?(VT.MOcZRJjJS=P?0jVTGL?1P MOVWR9T A=
8KJ1L  P0N RN 1W%XEN T 	>WYX 	  	>T R3WYX ;
TlMO;U?§R9cZ%X9cZj VWT=KNMOcZSU>@?T.MO?1jlKN?0>@X9T.MOVPKX9T X9PMOVW¢3XYMOVWR9TlcZ?0PR9ckj VK«RY@MO;U?§R9cZ>
〈c, ς, σ, ε〉
_;U?cZ?
 ς ∈ GFPEnv = GVar ∪ FP → Value 9?0?^=KMOckX9Pk8RYMZ;U?¦¢3X9S=?0KRYxoRos=XY%¢XYcZVWX9sU?1KX9T=jRocO>X9^=X9cZX9>@?MO?0cZKXM@MO;=?KNMZX9cNM@^_RoVT.M@RYQMZ;U?h^UcZRLP?`
jJS=cO?
Pproc(c)
H
 σ ∈ GEnv XYT=j ε ∈ LEnv XYcZ?MZ;U?(x9WR9s=X9 XYT=jWRLP0XY?TL¢LVWcORoTU>@?T.MQXM^_RoVT.M c GLS=Pk;X9TX9PMOVW¢3XYMOVWR9TcZ?0PR9ckj@VWTUJKMZ;U?¢X9SU?1KdR9 R9cZ>@X9=^=X9cZX9>@?MO?0cZK]XYT=jxoRos=XY_¢XYcZV`
XYsUW?0KXMDKNMZX9cNM^_RoVT.MQMZR{MO;=?PS=cOcZ?T.MQ¢XYWSU?0KRYxoRos=XY&XYT=jhWRJPXY
¢XYcZVWX9sU?1KQXMD^_RoVT.M
c

 ?TUR ;=X3¢o?
Act i = K × (GFPEnv ×GEnv ×LEnv)
XYT=j
Si = Act i ×
Act i
¨VMO;MO;=?PR9T=KNMOckXYVWT.MMZ;=XMMZ;U?DMOR9^hX9PMOVW¢XMOVWR9TcZ?0PRocZj=KX9x9cZ??RoTMZ;U?¢XYWSU?0KR9
x9WR9s=X9¢XYcZVWX9sU?1KZª]:
RVWx9;.MO?0TTURYMkXMZVRoT=K=?(VW&jJ?T=RYMO?KOVW>^=I
ε ∈ Env
MO;=?TU?
?TL¢LVcZR9TU>@?0ToMkKXoKOKORJPVXMZ?0j@MZRPR9T.MOcZR95^_RoVT.MkKLVMO;MO;U?(PRoTL¢9?T.MZVRoT@MO;=XYM
g0
XYT=j
fp0jJ?TUR9MO?1KMO;=?PRo^.IRYx9WR9s=X9¢XYcZVWX9sUW?0KXYT_jRocO>X9^=XYckXY>@?MO?ckK;URoWjJVWTUx@MZ;U?VWc¢XYWSU?
XMKNMZXYcOM^_RoVT.MRY&MO;=?PSUcZcO?0T.M^=cORJP?1jJSUcZ?9
:
X9s9jU?=TU?1K%MO;U?KO?>X9ToMZVWPcZSU?1KiS=?1K(¨bAR9T_PYqEKª%XYT_j«¨ AR9T=P1tKªMZXYo?0KPX9cO?
RY^UcZR9^=X9xoXYMOVWTUxMO;U?DSU^jUXMZ?R9x9WR9s=X9=¢XYcZVWX9sUW?0KdVWT=jJS_P?0j{s.I@RoTU?MO;=cO?1X9j@MZRMO;=?PRoTJ`
PSUcZcO?0T.M
MZ;UcO?1X9j &gKX9cZ?0XojJI^=cO?1PVKN?1j 3MO;U?%MZR9^@X9P MZV¢XYMOVWR9TcZ?0PR9ckjUK"R9UMO;=?PR9T=PSUcZcO?0ToM
KfMkX9PkJKX9X3IJKQXYxocO?0?R9TMZ;U?PSUcZcO?0ToMD¢XYWSU?R9dx9WR9s=X9"¢XYcZVWX9sUW?0K07QR%?¢o?cQVMDVKTURYM
TU?0P?0KZKOX9cOVWIMZ;U?QPXoKN?%RocMZXYVWUX9PMOVW¢XMOVWR9TcZ?0PRocZj=K3MZ;=XMd>@?>@RocOVW?MO;U?¢X9SU?R95xoRos=XY
¢3X9cOVXYs=?1KXMQPX9` KOVMO?0K0:;U?TU?8KO?MQRY&VT=VMZVWX9"KfMkXMZ?0KVKjJ?=T=?0jhX9K
S0i = {
〈
〈s10 , ς, σ, ε
1〉, 〈s20 , ς, σ, ε
2〉
〉
| init(σ) ∧ ς = σ}
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Γ = 〈c0, ε0〉 . . . 〈cn, εn〉 ∈ Act
+
i
	&#%?W` RocO>@?0jT	 (! (' !
i < n "
&('X)&+*
 
	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It(c, c′) = 〈R〉
R(ε, ε′) ∧ ε(g0, fp0) = ε
′(g0, fp0)
Γ · 〈c, ε〉 →ti Γ · 〈c
′, ε′〉
¨T.MZcZX>Kª
It(c, sj) = 〈cally := Pj(x)〉
R+
y:=Pj(x)
(ε, εj)
Γ · 〈c, ε〉 →ti Γ · 〈c, ε〉 · 〈sj , εj〉¨ A%XYW Kª
It(ej , c) = 〈rety := Pj(x)〉
R−
y:=Pj(x)
(ε, εj , ε
′)
Γ · 〈call(c), ε〉 · 〈ej , εj〉 →ti Γ · 〈c, ε
′〉¨ i?MKª
Γ1 →1 Γ′1 Γ
′
1 = Γ
′′
1 · 〈c
′
1, ε
′
1〉
ε′2 = ε2[g 7→ ε
′
1(g)]
〈
Γ1, Γ2 · 〈c2, ε2〉
〉
→i
〈
Γ′1, Γ2 · 〈c2, ε
′
2〉
〉
¨bAR9T_PYqEKª
Γ2 →2 Γ′2 Γ
′
2 = Γ
′′
2 · 〈c
′
2, ε
′
2〉
ε′1 = ε1[g 7→ ε
′
2(g)]
〈
Γ1 · 〈c1, ε1〉, Γ2
〉
→i
〈
Γ1 · 〈c1, ε′1〉, Γ
′
2
〉
¨ AR9T=P1tKª
R+
y:=Pj(x)
(ε, εj)
def
= εj(g0, fp
j
0,g, fp
j) = ε(g,x,g,x)
¨ i ª
R−
y:=Pj(x)
(ε, εj , ε
′)
def
=
{
ε′(g0, fp0, l \ y) = ε(g0, fp0, l \ y)
ε′(g \ y,y) = εj(g \ y, fr)
¨ i`ª
:&XYsUW? 9^BQT=KNMOcZSU>@?T.MO?1jKN?0>XYT.MOVPKEBMOckXYT=KOVMOVWR9TcZ?XMZVRoT
→ti
R9dMO;U?MO;=cO?1X9j
T t
X9T=j
MOckXYT_KNVMOVWR9TcO?0WXYMOVWR9T
→i
R9"MZ;U?SUW^UcZR9x9ckXY>h
 	 
ci
	&#  +#%	<(=:\QE 
Pj
!  	:\
j = proc(ci+1) "
I(ci, sj) = 〈cally := Pj(x)〉 		   G	
! < -8(%.DY	 Y^. # \# "
εi(g,x) = εi+1(g0, fp
j
0)  #%
〈Γ1, Γ2〉 ∈ Si
	&#?0` RocO>@?1j 	 (
Γ1

Γ2
 <d"(%.  !  	 ( 
-	76$
	 $# ,-' ]\^  %  6$"D)(8,-<6%	# 
TX?0`bR9cZ>?1j(KfMkXMZ?9YPRoT=jJVMOVWR9T=K
(i)−(ii)
X9s_R¢o?]XYcZ?]XQT=?0P?1KOKZXYcZIPR9T_jJVMZVRoT(R9cXYT
X9PMOVW¢XMOVWR9TcO?1PR9ckjMORVW?s5?WR¤XYT=RYMO;=?cX9P MZV¢XYMOVWR9TcZ?0PRocZj@VWTcZ?0XoPk;=XYs=?QP0XYW`KfMkX9PkJK0
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s ∈ Si0
	&#  <+d"(%. O#%    ( s ∈ Si 	&# <d"(%. C#% ! ]\^T!
s′ ∈ Si
#%\N]\^
s→∗i s
′ 	&# <d"(%.  #% 
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MO;_XMMZ;UVKT=? KO?>XYT.MOVPKjJRL?0KTURYMD>@RLjUVIMO;=?s5?;=X3¢LVWR9SUcR9cD^UcORox9ckXY>KEB]R9T=?PX9T
XYWX3ILKQ©XYWs=X9PkMZRMZ;U?KfMkXYT=jUX9cZjKN?0>@X9T.MOVPK0CR9cZ?RocO>X9WI9%?jJ?=TU?MO;=?^UcZRY`
ef?0PMOVWR9TSUT=PMOVWR9T
π : Si → S
X9K
π
(〈
〈c10, ς
1
0 , σ
1
0 , ε
1
0〉 . . . 〈c
1
n1
, ς1n1 , σ
1
n1
, ε1n1〉,
〈c20, ς
2
0 , σ
2
0 , ε
2
0〉 . . . 〈c
2
n2
, ς2n2 , σ
2
n2
, ε2n2〉
〉)
=
〈
σ1n1(= σ
2
n2
),
〈c10, ε
1
0〉 . . . 〈c
1
n1
, ε1n1〉,
〈c20, ε
2
0〉 . . . 〈c
2
n2
, ε2n2〉
〉
XYX[Z\^]%]_E`
q0u   %
 
T@MO;U?KO? \ SU?0 o?VW>@^UWVWPVMZIcO?1KfMZcOVP M
Si
MORVMZK]KNSUs_KN?M]RY?0`bR9cZ>?1j@KfMkXMO?1K  ?QPXYT
TUR¦R9cZ>SUXMZ?MO;U?PRocOcZ?0PMOVWR9T@RY MZ;U?VWT=KNMOcZSU>@?T.MO?1j{KO?>XYT.MOVPK]( c1 M0&MO;U?DKfMkXYT=j=XYckj
KN?0>@X9T.MOVPK0
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si, s
′
i ∈ Si

s, s′ ∈ S "  si ∈ S0i =⇒ π(si) ∈ S0

s ∈ S0 =⇒ ∃si ∈ π−1(Si0)   si →∗i s′i =⇒ π(si)→∗ π(s′i)

s→∗ s′ =⇒ ∃si ∈ π−1(s), ∃s′i ∈ π
−1(s′) : si →∗i s
′
i 
8KJ I   W 1W'XEN T 	cWX 	   	>T R3WX; PN R   RN R3W R	V  ;
:;U?VWT=KNMOcZSU>@?T.MO?1jKO?>XYT.MOVPK
RYJMZ;U?%^UcO?0¢LVRoS=K"KO?0PMOVWR9T;=XoK"T=VWP?^UcZR9^5?cOMOVW?0KR9cKfMkXMZ?0K
s_?0RoTUx9VWTUxMOR?J?0PSJMOVWR9T_K@x9R9VWTUx«R9cZ%X9cZjsUSJM{VM@VK@TUR9MMZ;U?PXoKN?VR9T=?hPR9T=KOVjJ?c
VTL¢9?0cZKO?D?J?0PSJMOVWR9T=K0.MO;=XYMVWK0JV&?XYcZ?DVT.MO?0cO?1KfMZ?0jVThKfMkXMZ?0K%?1X9jJVWTUxMORXKN?MR9"=T_XY
KfMkXMO?1K
T«MZ;U?{s=XoPkL%X9cZj«VT_KfMZcOSU>@?0ToMZ?0jKO?>XYT.MOVPK0MZR9^¥XoP MOVW¢XMZVRoTcZ?0PR9ckjUKDVW]s5?{R9
MO;U?RocO>
〈c, ς, σ, ε〉
=;U?cZ?
 ς ∈ GFREnv = GVar ∪ FR → Value 9??0^=KMOckX9PkhRY]MO;U?@¢XYWSU?0KDR9]x9WR9s=X9¢XYcZVXYsUW?0KXYT_j{RocO>XY RoSJMO^=SJMQ^=XYckXY>@?MO?ckK%XMMO;=?D?JVMQ^5R9VWT.MQRY"MZ;U?(?T_PWRoKOVTUx
^UcZRJP?1jJSUcZ?-H
 σ ∈ GEnv XYT=j ε ∈ LEnv XYcZ?MZ;U?(x9WR9s=X9 XYT=jWRLP0XY?TL¢LVWcORoTU>@?T.MQXM^_RoVT.M c 
:
X9VX9PMOVW¢3XYMOVWR9T{cZ?0PR9ckjUK0oXMOMZXoPk;U?0j@MZRXPXYW` KOVMZ?
c
VMO;
c
〈y:=Pj(x)〉
−−−−−−−→ c′
.VWW_cZ?0PR9ckj
VTX9jUjJVMOVWR9TMO;U?¢XYWSU?
ε(y)
RY]X9PMOS=X9R9SJMZ^USJM^=XYckXY>@?MZ?ckK
y
XMMO;U?cO?MOSUcZTJ`KNVMO?
c′

X9K%MO;=?IX9cO?DRocOxoRYMNMZ?T;U?Thx9RoVT=xs=XoPkL%X9cZjs_?1PXYS_KN?RY
MO;U?0VcX9KZKNVWx9TU>@?0ToM1
:"R{WVWx9;.MO?0TTURYMkXMOVWR9T_K_?VWW
jJ?0TURYMZ?KOV>@^UWI
ε
MO;=?TU?0 ?0TL¢.VWcZR9TU>@?T.MkKQX9KZKNRJPV`
XMO?1j{MZRPR9T.MZcORo_^5R9VWT.MZK0JVMZ;MZ;U?(PR9TL¢o?T.MOVWR9TMZ;=XM
g0
XYT=j
fr0
jJ?0TURYMZ?0K%MZ;U?(PR9^LIR9
x9WR9s=X95¢X9cOVXYsUW?0K%XYT_jR9cZ>XYR9SUMO^USJM^=X9cZX9>@?MO?0cZK;URoWjJVWTUxMO;U?0Vc¢X9SU?XM?LVM^_RoVT.M
RY%MO;U?{PSUcOcZ?T.M(^UcZRJP?0jUSUcO?oCKURocMZXYVWd?0T.¢LVWcORoTU>@?T.MZK(XYMNMkX9Pk;U?1jMZRXP0XYW`KOVMZ?
c
VMO;
c
〈y:=Pj(x)〉
−−−−−−−→ c′

y1
jU?TUR9MO?0KMO;U?PR9^LIR9XoP MZS=XYRoSJMO^=SJM^=X9cZX9>?MO?0cZKXMcO?MOSUcZTKNVMO?
c′ = ret(c)

:
X9sdnjJ?_TU?0K@MZ;U?KO?>XYT.MOVPcOS=?1K  ?jJ?_TU?h=ckKfMMZ;U?VTL¢o?ckKN?¨©KNMZX9T=jUXYckj=ª
MOckXYT=KOVMZVRoThcO?0WXYMOVWR9TX9KEB
s′ ← s
V£
s → s′
5XYT=jh%?MO;U?0TVT_KfMZcOSU>@?0ToMMZ;U?(MZcZX9T=KNVMOVWR9T
KNIJKNMO?>
(S,←)
MORRosJMZX9VT@XMOckXYT=KOVMZVRoTKOIJKfMZ?>
(Si,←i)
 
 RYMOVP?%MZ;=XMMZ;U?X9jUjJVMOVWR9T_XY
VTJRocO>XYMOVWR9T¥PX9cOcZVW?0j«s.I«MO;=?{VT_KfMZcOSU>@?0ToMZ?0jKO?>XYT.MZVWP0K(VWK^UcZR9^=X9xoXMZ?0jcORo> W? MMOR
cOVWx9;.M0 X9MZ;UR9SUxo;?S=KO?X? MX9cOcZR MZRcZ?>@VWT=jMZ;U?cZ?0XojJ?cMO;=XYMMZ;U??J?0PSUMOVWR9TR9
MO;U?(^UcZR9xocZX9> VWKxoR9VWTUx@s=X9PkLXYckj 
	 ~ ²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 ® | ² 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  } ® z&= ± J~³ 
  |0}~   ®  } ® ³§| ® §  }
 9|  gK%R9c
MO;U?R9cZ%X9cZj«VT_KfMZcOSU>@?0ToMZ?0jKO?>XYT.MZVWP0K&PR9cZ?0XoPk;=XYs=?PX9`KfMkX9PkJK(XYT=jKNMZXYMO?1K(VTMZ;U?
s=X9PkLXYckj{VWT=KfMZcOS=>?0T.MO?0jKO?>XYT.MOVPKX9cO? <d"(%. VTMZ;U?R9WRVWTUx@KN?0T=KO?9
®  
©}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Γ = 〈c0, ε0〉 . . . 〈cn, εn〉 ∈ Act
+
i
	&#%?W` RocO>@?0jT	 (! (' !
i < n " 	 
ci
	&#  Y#%	  (=]\^S 
Pj
!  	:\
j = proc(ci+1) "
I(ci, sj) = 〈cally := Pj(x)〉 		    "	!  < :\ !  (C-
  G J^.  #  (%. Q G 
. # \# "
εi(g,y1) = εi+1(g0, fr
j
0) 
&('X)&+*
 
		 "!$#%	&#')(* %+,-.'# qoq
It(c, c′) = 〈R〉
R(ε, ε′) ∧ ε(g0, fr0) = ε′(g0, fr0)
Γ · 〈c′, ε′〉 ←ti Γ · 〈c, ε〉
¨T.MZcZX>Vª
It(c, sj) = 〈cally := Pj(x)〉
R+
y:=Pj(x)
(ε, εj , ε
′)
Γ · 〈c, ε〉 · 〈sj , εj〉 ←ti Γ · 〈c, ε
′〉¨ A%XYW Vª
It(ej , c) = 〈rety := Pj(x)〉
R−
y:=Pj(x)
(ε, ε′, εj)
Γ · 〈c, ε〉 ←ti Γ · 〈call(c), ε
′〉 · 〈ej , εj〉¨ i?MVª
Γ1 ←1 Γ′1 Γ
′
1 = Γ
′′
1 · 〈c
′
1, ε
′
1〉
ε′2 = ε2[g 7→ ε
′
1(g)]
〈
Γ1, Γ2 · 〈c2, ε2〉
〉
←i
〈
Γ′1, Γ2 · 〈c2, ε
′
2〉
〉
¨bAR9T_PYqEVª
Γ2 ←2 Γ′2 Γ
′
2 = Γ
′′
2 · 〈c
′
2, ε
′
2〉
ε′1 = ε1[g 7→ ε
′
2(g)]
〈
Γ1 · 〈c1, ε1〉, Γ2
〉
←i
〈
Γ1 · 〈c1, ε′1〉, Γ
′
2
〉
¨ AR9T=P1tVª
R+
y:=Pj(x)
(ε, εj , ε
′)
def
=
{
ε′(g,x) = εj(g, fpj)
ε′(g0, fr
j
0, l \ y) = ε(g0, fr
j
0, l \ y)
¨©i ª
R−
y:=Pj(x)
(ε, ε′, εj)
def
=
{
ε′(g0, fr
j
0, l \ y,y1) = ε(g0, fr
j
0, l \ y,y)
εj(g0, fr
j
0,g, fr
j) = ε(g,y,g,y)
¨ i`ª
:&XYsUW?n^B VX9PkL%X9cZj«VWT=KfMZcOS=>?0T.MO?0jKO?>X9ToMZVWP0KBVTL¢9?0cZKO?@MOckXYT_KNVMOVWR9TcZ?XMOVWR9T
←ti
R9
MO;=?MO;UcZ?0Xoj
T t
XYT=jVTL¢o?ckKN?MOckXYT=KOVMOVWR9TcO?0WXYMOVWR9T
←i
R9
MZ;U?SUW^UcZR9x9ckXY>h
 #%
〈Γ1, Γ2〉 ∈ Si
	&#?0` RocO>@?1j 	 (
Γ1

Γ2
 <d"(%.  !  	 ( 
-	76$
	 $# ,-' ]\^  %  6$"D)(8,-<6%	# 
gKQR9cMZ;U?(RocOXYckjP0X9KO?95PR9T_jJVMZVRoT=K
(i)− (ii))
XYs5R¢9?x9VW¢9?XT=?0P?1KOKZXYcZIPR9T=jJVMOVWR9T
R9cXYT¥XoP MOVW¢XMZVRoT¥cO?1PRocZj«MORVW?s5?WR XYTUR9MO;U?0cX9PMOVW¢XMOVWR9TcZ?0PR9ckjVT§PR9cZ?0XoPk;=XYsUW?
PX9`KfMkX9PkJK
	 ~ ²
² | 
} 
 ²	   ( s0 ∈ Act i×Act i
	&#2 <d"(%. '#%   ! ]\^O!
s ∈ Si
#%\
]\^
s0 ←∗i s
	&#  <d"(%.D #%   
	 ²   ³ &® |1| ²  } ® zU ± J~³ 
  |0}~ 	 ®  } ® ³¥| ® ¥  }
 9|   ?R9cZ>@X9VW?MO;U?
KOR9SUT=jUTU?0KZKRY&MO;=?s=X9PkLXYckj{VWT=KNMOcZSU>@?T.MO?1jKN?0>@X9T.MOVPK( c0 M0MO;U?KfMkXYT=jUX9cZjKO?>XYTJ`
MOVPK]X9K&R9cMZ;U?RocOXYckjVWT=KNMOcZSU>@?T.MO?1jKO?>X9ToMZVWP0K  ?;_X3¢9?%MO;U?^=cOR9ef?0P MZVRoTS=T=P MZVRoT
π : Si → S
VMO;
π
(〈
〈c10, ε
1
0, ς
1
0 , σ
1
0 , ε
1
0〉 . . . 〈c
1
n1
, ς1n1 , σ
1
n1
, ε1n1〉,
〈c20, ε
2
0, ς
2
0 , σ
2
0 , ε
2
0〉 . . . 〈c
2
n2
, ς2n2 , σ
2
n2
, ε2n2〉
〉)
=
〈
σ1n1(= σ
2
n2
),
〈c10, ε
1
0〉 . . . 〈c
1
n1
, ε1n1〉,
〈c20, ε
2
0〉 . . . 〈c
2
n2
, ε2n2〉
〉
TMO;U?KO? \ SU?0 J%?V>@^UWVPVMOWIcZ?0KNMOcZVWPM
Si
MORVMZKQKOSUs=KO?MRY%?W`bR9cZ>@?0jKNMZXYMO?1K
XYX[Z\^]%]_E`
q1t   %
 
	 ~ ²
]² |
©}
 ²   	 ²   ³ &® |0| ²  } ® z&= ± J~³ 
  |0}~ 	 ®  } ® ³| ® ¥  } 
©9|
`Y !
si, s
′
i ∈ Si

s, s′ ∈ S "
si ←∗i s
′
i =⇒ π(si)←
∗ π(s′i)

s←∗ s′ =⇒ ∃si ∈ π−1(s), ∃s′i ∈ π
−1(s′) : si ←∗i s
′
i 
8KJ38 U&PT 	R)X R 2P  X    XENSR )XWYX 	>N N	aXR[X	PYW
 ?&efS=KNM&cZ?>@VWT=jKOR9>@?jJ?_TUVMZVRoT=KXYT=j^UcZR9^5?cOMOVW?0K
RY_X9s=KfMZcZXoP M&VT.MO?0cO^=cO?MZXMZVRoTcZX9>@?`
RocOJMZ;=XMDVW"s5?jJVKOPS=KZKN?1jhVThMZ;U?KO? \ SU?0RYMO;=?^=X9^_?0c0  ?cO??cMZR 1 AA 4ot5
R9c
XjU?MZX9VW?0j^UcZ?0KO?T.MkXMOVWR9TRYXYs=KNMOckX9PM%VWT.MO?0cO^UcZ?MkXMZVRoT
g ^XYWR9VKPR9T=TU?0PMOVWR9T
(L,v) −−−→←−−−α
γ
(L],v])
s_?Mf?0?T¬Mf%RPR9>@^UW?MO?«WXYMNMZVWP?0K
VT=jUS=P?1KMO;=?hR9WRVWTUx^UcZR9^5?cOMOVW?0KRoTX9s=KNMOckX9P MZVRoTX9T=j¬PRoT=PcZ?MZV1XMOVWR9T§SUT=PMOVWR9T=KEB
¨V ª
α
X9T=j
γ
XYcZ?(>@R9TUR9MOR9T=?@¨©VT_PcZ?0X9KOVWTUx.ªH"¨VWV ª
α
VKQjJVKNMOcZVsUSUMOVW¢9?(RocMO;U?(W?0XoKfMSU^U^5?c
s_RoSUT=j¨VWVV ª
α ◦ γ
VKcZ?MOckX9PMOVW¢9?@¨
α ◦ γ v id
ªH"¨©V¢Uª
γ ◦ α
VK?.MZ?T=KOVW¢9?@¨
γ ◦ α w id
ª 
^DV¢o?T X¥PR9T.MOVWTLSUR9S_KSUT=PMOVWR9T
F : L → L
QMO;U?KfMkXYT=jUX9cZj¬UJ^_RoVT.MMZcZX9T=KN?c
MO;U?0R9cZ?> KOX3IJKMZ;=XMDVR9TU?(MkXYo?X %8>-	. 	
F ] w] α ◦ F ◦ γ
RY
F
VWT
L]
JMZ;U?T
lfp(F ]) w α(lfp(F ))
lfp(F ])
VWK
MZ;U?TXYTR¢o?ckXY^U^UcZR3JV>XYMOVWR9TDRY
lfp(F )
VTMO;U?KN?0T=KO?-B
γ(lfp(F ])) w lfp(F )

AR9T=KOVWjU?cZVTUx@Roc
F
MO;=?R9cZXYckj{MZcZX9T=Kf?0cSUT=PMOVWR9T
F [X0](X)
jU?=TU?1jXYs5R¢9?oUVMO;
L = ℘(S)
 MZ;UVWKDMZ;U?RocO?0>FXYWRQKMORhPRo>@^USJMO?X9TR¢9?0cZX9^U^UcZR3JV>XMZVRoThRY]cZ?0XoPk;=XYsUW?
KfMkXMO?1K]VWTXKOV>@^UW?c%WXYMNMZVWP?
L]
.S_KNVWTUx@XPRocOcZ?0PMXY^=^UcOR3JVW>XMOVWR9TR9
F [X0](X)
VWT
L]


 R(3S=KOVTUxMO;=?%KNMOcZR9TUxo?c;LIL^5RYMO;=?0KOVWK
F ]◦α = α◦F
;=VWPk;VW>@^UWV?1K"MZ;U?%^UcO?0¢LVRoS=K
R9TU?oU?xo?MMO;U?KNMOcZR9T=x9?ccZ?0KOSUM
lfp(F ]) = α(lfp(F ))
¨ toª
 ;U?T@jJ?0KOVWx9TUVWTUxXYTX9s=KNMOckX9P M&VT.MZ?cZ^UcO?MZXYMOVWR9TVM&VK;UVWx9;UWIjJ?1KNVWcZX9sUW?¨s=SJMTURYMdXYWX3ILK
^_R.KOKOVs=?3ªMORKOXYMOVKfIKNS=Pk;X9T;LIL^_R9MO;U?1KNVK%R9cQX9s=KNMOckX9P M%MOckXYT_Kf?0cSUT=P MZVRoT=K0
  
 	!"d&	  	
 !"Q)*
	!
 ?VWWS=KO?MO;U?RoWRVT=xS=T=P MZVRoT=KR9TKNMZXoPkLKEB&R9cX9TLIKfMkX9Pk
Γ = r0 . . . rn ∈ E
∗ 
hd (Γ) = {rn}

tl(Γ) = {ri | 0 ≤ i < n}
X9T=j
elts(Γ) = hd(Γ) ∪ tl(Γ)
:;U?0KO?
SUT=P MZVRoT=KQX9cO??LMZ?T=jJ?1j{MZR{KN?MZKR9KNMZXoPkLK0
 J1L   P P  N  	< P  5W' %1NSR[X	PW
:;U?{XYs=KNMOckX9PMjUR9>XYVWT«%?@^UcZR9^5RoKO?RocPR9T=PSUcZcO?0ToM(XYT_jcZ?0PSUcZKOVW¢9?^UcORox9ckXY>KVWKVWTJ`
KN^UVWcZ?0js.IMfRMO?1Pk;UTUV \ SU?0K0
:;U?=cZKNMR9TU?hVKMO;U?SUT_P MOVWR9T_XYR9ccZ?XMZVRoT=XYXY^=^UcOR.X9Pk;¦jJ?0KZPcZVs5?0j§VT 1 GLa]v=q9
3G 4ot5 T@MO;UVK]X9^U^UcZRoXoPk;R9TU?QXoKOKORJPVXMZ?0KXM?0X9Pk;PR9T.MOcZR9J^5R9VWT.MXcO?0WXYMOVWR9T@s5?Mf%??T
MO;U?(VWTU^USJMDKfMkXMO?(X9T=j{MZ;U?PS=cOcZ?T.MQKfMkXMZ?DR9
MZ;U?(?T_PWRoKOVTUx^UcZRJP?0jUSUcO?oUKNRMZ;=XMXYM%MZ;U?
?JVM^_RoVT.MR9X^UcORJP?0jJSUcZ?
P
R9TU?R9sJMkXYVWT=KVMZKdVWTU^USUM%63RoSJMO^=SJMs5?;=X3¢LVWR9SUc]R9cS#% . .D%!
RP (x, x
′)
:;U??£?0P M%RYXP0XYWUMOR
P
R9TXKO?MRYcZ?0X9Pk;_XYsUW?KfMkXMO?1K
Q(x)
VWK]R9sJMkXYVWTU?0j
s.IPRoT=KNVjJ?0cOVWTUx
Q′(x′) = ∃x : Q(x) ∧RP (x)

:;U?PX9`KfMkX9PkX9s=KfMZcZXoP MZVRoTR9M1 ?LGJuA5_R9cZ>XYWV0?0K&MO;=VWKXY^U^UcZRoXoPk;VMO;=VTX9s=KNMOckX9P M
VT.MO?0cO^=cO?MZXMZVRoT¦cZX9>?0RocO G.MkXYcOMOVWTUxcZR9> MZ;U?VWT=KNMOcZSU>@?T.MO?1j¦KO?>X9ToMZVWP0KRYGL?1P `
MOVWR9TwUWqYJVWT;=VWPk;?TL¢LVcZR9T=>?0T.MZK%cO?0WXYMO?MO;U?(VWTU^USUMKfMkXMO?R9&X^UcZRLP?0jJS=cO?@¨¢XYcZVXYsUW?0K
&('X)&+*
 
		 "!$#%	&#')(* %+,-.'# q1w
g0, fp0
ªX9T=jMZ;U?VWcQPSUcZcZ?T.MKNMZXYMO?¨¢X9cOVXYsUW?0K
g, l
ª J%?jU?=TU?DMZ;U?.^XYWR9VK%PR9TUT=?0P MZVRoT
℘(Act+i ) −−−→←−−−αf
γf
℘(Act i)×℘(Acti)
VMZ;
αf :
Γ
︷ ︸︸ ︷
{r0 . . . rn} 7→
〈
hd(Γ),
tl(Γ)
〉
=
〈
{rn},
{ri | 0≤ i<n}
〉 ¨©woª
γf : 〈Yhd , Ytl〉 7→



s = r0 . . . rn
∣
∣
∣
∣
∣
∣
rn ∈ Yhd
∀0≤ i<n : ri ∈ Ytl
s
VKQX%?W`bR9cZ>@?0jKNMZXoPk



¨ A.ª
TMO;=?VWT=jJS=P?0j¥X9s=KfMZcZXoP MKO?>XYT.MZVWP0K&;U?T¥PR9>@^USJMZVT=xMO;U??£?0PMRYXh^UcZRJP?1jJSUcZ?
cZ?MOS=cOT¦¨cZSU?h¨©iQ?MKdªRY%:
X9s+9 ª MZ;U?@?0`bR9cZ>?1jJTU?1KOKPR9T_jJVMZVRoTVWTMZ;U?@jJ?=T=VMZVRoT
RY
γf
X9WRQKMZR>XMkPk; KOSUVMZXYs=?^=XYVWckKR9MZX9V(X9T=j¬MZR9^ ?0TL¢.VWcZR9TU>@?T.MkKVMO; MO;U?
PRoT=jJVMOVWR9T
(ii)
R9 ?=TUVMOVWR9T qYdKNRXoK(MZRVW>^=?0>?0T.MMO;=?cZ?XMOVWR9T¥PR9>@^5RoKOVMZVRoTR9
1 3G 4ot5D¨>@RJjJSUWRMZ;U?jJ?MZX9VK(jJSU?@MZRhMO;U?^=X9cZX9>@?MO?0c^=X9KZKNVWTUx>@?0Pk;=X9TUVWKO>{ª O1 ?.GUuA5
x9VW¢9?1KXYThXYMO?cZT=XYMOVW¢9?^UcZR.R9"RY&MO;=?(VT.MO?0cO^=cORJP?1jJSUckXYPRoVT=PVWjU?T=P?MZ;U?RocO?0> RY 1 3G^4ot5
VWTMZ;UVKcZX9>@?%R9cZ5
:;U?KN?1PRoT=jMZ?0Pk;UTUV \ SU?;UVPk;VWT=KO^UVcZ?0jS=KVK]MZ;U?PX9KZKOVWP0XY5>?MO;URJjS=KO?0jR9c%MO;U?
XYT_XYWILKOVKQRYdT=R9TJ` cO?1PSUckKOV¢o?PR9T_PSUcZcO?0T.MKNIJKNMO?0>@K0DGJS=Pk;KOILKNMO?0>K;=X3¢o?XKNMZXYMO?` KO^=X9P?
RY&MO;=?RocO>
S = GEnv × (K1×LEnv1)× (K2×LEnv2)
:;U?(S=KOS=X9MO?0Pk;=TUV \ SU?DRocQXYT=X9ILVWTUxKOS=Pk;KOIJKfMZ?>KVK%MORR9s_KN?0cO¢o?MZ;=XM
℘(S) ' K1×K2 → ℘(GEnv×LEnv1×LEnv2)
¨
9 ª
XYT_j¥MZR^5RoKZKOVsUWI¥XYs_KfMZcZXoP MKN?MZK@RY@¨ MZSU^UW?RYZª?0T.¢LVWcORoTU>@?T.MZK
℘(GEnv × LEnv 1×
LEnv2)
sLIXYThXYs_KfMZcZXoP MWXYMNMOVP?
Env ]
 MQVWKVW>@^_RocNMkXYT.MMOR@R9s_KN?0cO¢o?MZ;=XMMZ;U?XYsUVWWVMfI
MOR@cZ?XMZ?MZ;U?(WRLP0XY ?0T.¢LVWcORoTU>@?T.MZK%R9PR9T=PSUcOcZ?T.M%MO;UcZ?0XojUKVKV>@^5R9cOMZXYT.M1
 :;U?cZ?QVK]_cZKNM%XMO?0Pk;=TUVWP0XY5cO?1X9KOR9TgKZKOSU>@?QMO;_XM?>@X9VT.MkXYVWTKN?0^=XYckXMZ?Q^UcZ?0jL`
VWP0XMO?1K
Y 1(g, l1) = (g = l1)
XYT_j
Y 2(g, l2) = (g = l2 − 1)
R9cDMf%RMZ;UcZ?0X9j=K
XYT=jMO;_XMQMZ;U?(MO;=cO?1X9jq(>@RJjJV_?0KMZ;U?¢XYWSU?R9
MZ;U?xoRos=XY ¢X9cOVXYsUW?
g
VMO;X9T
VT=KNMOcZS=PMOVWR9T
g := g + l1
& MVWK?1X9KOIMZRPRo>^=SJMO?QVMZKd?£?0P M%R9TMO;=?Q^UcZ?0jJVPXYMO?
Y 1¨R9T=?RosJMZX9VT=K
(g = 2l1)
ª Us=SJM?1KOKKORRoTMZ;U?^UcZ?0jJVPXYMO?
Y 2
d:;=?RoTUI%X3IMOR
^_?0cNRocO> MZ;UVKVWKXoP MZS=XYWI{MOR@sUSUVWWj
Y = Y 1 ∧ Y 2 = (g = l1 ∧ l1 = l2 − 1)
LMOR
PR9>@^USUMO?MO;=??£?0PM]RY5MO;=?VWT=KfMZcOS_P MOVWR9T@RoT
Y
.X9T=jMO;=?T@MORRocOxo?MMZ;U?Q¢XYcZVWX9sUW?
l1
¨RoTU?R9sJMkXYVWT=K
(g = 2l2 − 2)
ª 
:;U?]PRoT=PWS=KOVRoTVWKMO;=XYM
R9T=?TU??1jMORQcZ?XMZ?MO;U?RJP0XYY?0T.¢LVWcORoTU>@?T.MZKRYUjJV£5?0cO?0ToM
MO;UcZ?0XojUKdXYMW?0XoKfMMO?0>@^_RocZX9cOVWIo;U?TXxoRos=XY%¢XYcZVWX9sUW?VKXoKOKOVWx9TU?1jVT¦R9T=?
MO;UcZ?0Xoj 
 :;U?cZ?VKX9WKORX^UcO?1PVKNVWR9TcO?1X9KOR9TAR9T=KOVWjU?cMO;U?D^UcZR9x9ckXY> RYK&VWx=JtJLVWT{;UVPk;
MfRMO;UcZ?0XojUKKNILT=Pk;=cORoTUV0?dMZ;U?VWc^=XYckXYW?0L?J?0PSJMOVWR9Ts.I -  *d>6$ #R9T@XDPk;=XYTJ`
TU?§¨ MO;=VWKKOILT=Pk;UcZR9TUVW0XYMOVWR9T>@?1Pk;=XYTUVKO> PX9T«s5?V>@^UW?>@?0ToMZ?0jS=KOVT=xx9WR9s=X9
KN;=X9cO?1j¢XYcZVWX9sUW?0Kkª ¥T¦R9ckjJ?cMOR?1KfMkXYsUWVWKO;¥MZ;=XM@MZ;U?hRLR9^RYMO;U?MO;=cO?1X9j
jJRL?0KTURYMMO?cZ>@VT_XMO?¨ MZ;U?D-  *d>6$ #VT_jJS=P?1KXjJ?1X9jJWRJPk;U?0T
j = 11
ªL?
TU??1jMZRVTU?cMZ;U?VWT.¢X9cOVXYT.M
i = j
;U?0T?0XoPk;MZ;UcO?1X9jVKQXMMZ;U?PRoToMZcORo ^_RoVT.M
efS=KfMQXY MO?cMZ;U?(KNILT=Pk;=cORoTUVWKZXMZVRoTVT_KfMZcOS=PMOVWR9T 
MO;U?^5RoKZKNVWsUW??TL¢LVcZR9TU>@?0ToMkK]R9
?0X9Pk;MO;=cO?1X9jhXYcZ?VTJ?0cOcZ?0jKO?^=X9cZXYMO?WI9LMZ;U?TURoTJ`bMO?cZ>@VT_XMOVWR9TRY&MO;=?MO;UcZ?0Xoj
PXYT=TURYMs5?(^UcOR¢o?0j 
XYX[Z\^]%]_E`
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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K
VWx9S=cO?(t B:
R@KNVWTUxo?`b^UcZRJP?1jJSUcZ?PRoT=PS=cOcZ?T.M]MZ;UcZ?0X9j=KJKOI.T_Pk;UcORoTUVWVWTUxRoTXPk;=XYTUT=?
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 ²	  :;U?jJVKZPS=KZKNVWR9T¦RYDMO;=?^UcO?0¢LVRoS=K@KN?1P MOVWR9TW?0Xoj§S=KMORx9?0TU?ckXYWV0?MZ;U?
KfMkX9Pk@XYs=KNMOckX9PMOVWR9TRYJ1 ?LGJuA5cZ?>@VT_jJ?0j{X9s_R¢o?9gKZKNS=>VWTUxMfR(MZ;UcZ?0X9j=KLXYTX9s=KNMOckX9P M
¢3X9S=?(VWs5?jU?=TU?1js.IMO;UcZ??DSUT_P MOVWR9T_K
Yhd

Y 1
tl
XYT=j
Y 2
tl
U;U?0cO?
 Yhd : K1×K2 → ℘(Env 1×Env2)
X9KZKORLPVWXYMO?1KMZR^=XYVWcZK@R9PR9T.MOcZR9^5R9VWT.MZK
(c1, c2)
KO?MkKRY?TL¢LVWcORoTU>@?T.MZK
Yhd (c
1, c2)(g, g10, fp
1
0, l
1, g20, fp
2
0, l
2)
cZ?XMZVTUx
MZ;U?]xoRos=XY.¢XYcZVWX9sU?1KXYT_j(MO;=?]WRLP0XY.¢XYcZVWX9sU?1KR9Us_R9MO;MZ;UcZ?0X9j=K]¨©XoK"VWT*; \ TJ¨9 ªNª
XoK?0XoKXYSJJVWVXYcZI¢XYcZVWX9sU?1K%VT.MOcZRJjJS=P?0jsLIMO;U?(VWT=KNMOcZSU>@?T.MO?1jKO?>X9ToMZVWP0K
 Y t
tl
: Kt → ℘(Env t)

t = 1, 2
X9KZKORLPVWXYMO?MZR¦P0XYW`KOVMZ?0K
c
MO;U?KO?MhRYMkXYVW
?0T.¢LVWcORoTU>@?T.MZK
Y t
tl
(g, gt0, fp
t
0, l
t)
RY(MO;=cO?1X9j
t
 7Q?0T=P?oMO;U?«MZX9VX9PMOVW¢XMOVWR9T
cZ?0PR9ckjUKQR9dMO;U?@jJV£5?0cO?0T.MMZ;UcO?1X9jUKDXYcZ?TUR9M 	"!PRocOcZ?XMZ?0j 5sUSJM 		
"!
MZ;U?IX9cO?DWVTUo?0jsLIMO;U?(>@?1XYT=K%RYx9WR9s_XY5¢3X9cOVXYs=?1K
g
d:;UVKWV>@VMZKMZ;U?R.KOKR9
VWTJR9cZ>XMZVRoTjJS=?MZR@MO;U?X9s=KNMOckX9P MZVRoTJX9KVWWS=KNMOckXMZ?0jVTGL?1P MOVWR9TnJ
 MVKVWToMZ?cZ?0KNMOVWTUxMORhSUT=jJ?0cZKNMZX9T=jMZ;U?LVT_jR9^UcZRJP?0jUSUcO?@KOSU>@>@X9cOVW?0K%?RosJMZX9VT
VMZ;¤MO;=?SUT_P MOVWR9T
Yhd
  %?«PRoT=KOVWjJ?0cX§^UcZRLP?0jJS=cO?
Pj
P0XYW?1js.I¦MZ;U?MZ;UcZ?0X9j
q¥¨VMO;
c
y:=Pj(x)
−−−−−−→ c′
ª
Yhd (ej , c
2)(g, g0, fp0, l, g
2
0, fp
2
0, l
2)
PXYT¦s5?KN?0?T¬X9KX
cO?0WXYMOVWR9T¦s_?Mf?0?TMO;U?hVWTU^USJM
(g0, fp0)
XYT=j§MO;=?R9SJMZ^USJM
(g, l)
RY
Pj
VTMO;=cO?1X9j q9
MO;=XYM%jJ?0^_?0T=jUKR9TMZ;U?PSUcOcZ?T.MKNMZXYMO?QR9 MO;U?MO;UcZ?0Xoj{tJ.x9VW¢9?0Ts.IPR9T.MOcZR9U^5R9VWT.M
c2
XYT=j
RJPX9 ¢XYcZVWX9sU?1K
l2
¨ MZ;U?cZ?>XYVWTUVWTUx¢3X9cOVXYs=?1K
g20, fp
2
0, l
2 jJRL?0KTUR9MQ^UX3IX@jJVcZ?0PMQcORo?
VTMO;UVKPR9T.MZ?LMkªD:;UVKcO?0WXYMOVWR9ThMZX99?1KVWT.MORXoPPR9SUT.MQMZ;U?>@R¢o?0KMZ;=XMMO;UcZ?0Xojt;_X9K
^_?0cNRocO>@?0jKOVT=P?MO;UcZ?0Xojq(KNMZX9cNMZ?0jMO;U?(?L?1PSJMZVRoTR9
Pj


 RV_%?%PR9T=KOVWjU?c
MO;U?MZX9VL?TL¢LVWcORoTU>@?T.MZK&XM&MO;U?PX9JKOVMZ?
Y 1
tl
(c)(g′, g′0, fp
′
0, l
′)

?PXYT§>@XYMZPk;
Yhd (ej , c
2)
VMZ;
Y 1
tl
(c)
VMZ;MO;U?hPRoT=KNMOckXYVWToM
g′ = g0 ∧ x′ = fp0¨? \ S=XYMOVWTUxXoP MOS_XY"X9T=jR9cZ>XY^=X9cZX9>@?MO?0cZKkªXYT_jMO;U?0T^_?0cNRocO>#MO;U?KNSUVMZX9sUW?R9^5?ckX`
MOVWR9T=KMZR@R9sJMkXYVWTXMZR9^?TL¢LVcZR9TU>@?0ToM
Yhd(c
′, c2)
XMMZ;U?(cO?MOSUcZThKNVMO?o
7"² ~ §"'³ ®  
} 
 ²	   ?jJ?=T=?MO;U?RoWRVT=x^X9RoVWKPR9TUTU?1P MZVRoT
℘(Si) = ℘(Act
+
i ×Act
+
i ) −−−→←−−−αc
γc
Ac = ℘(Act i×Acti)× ℘(Act i)× ℘(Act i)
¨ noª
VMZ;
αc
({
〈
Γ1
︷ ︸︸ ︷
r10 . . . r
1
n1
,
Γ2
︷ ︸︸ ︷
r20 . . . r
2
n2
〉
})
=
〈 hd(Γ1, Γ2),
tl(Γ1),
tl(Γ2)
〉
=
〈
{
〈r1n1 , r
2
n2
〉
}
,
{
r1i1 | 0≤ i1 <n1
}
,
{
r2i2 | 0≤ i2 <n2
}
〉
¨ pYª
&('X)&+*
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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,-.'# q$9
γc
(
〈Yhd , Y
1
tl , Y
2
tl 〉
)
=



〈r10 . . . r
1
n1
, r20 . . . r
2
n2
〉
∣
∣
∣
∣
∣
∣
∣
∣
〈r1n1 , r
2
n2
〉 ∈ Yhd ∧ ε
1
n1
(g) = ε2n2(g)
∀0≤ i1 <n1 : r1i1 ∈ Y
1
tl
∀0≤ i2 <n2 : r2i2 ∈ Y
2
tl
r10 . . . r
1
n1
X9T=j
r20 . . . r
2
n2
X9cO?%?W`bR9cZ>@?0jKfMkX9PkJK



¨©voª
Bs=KO?cZ¢LVTUxMZ;=XM
℘(Act i) = ℘(K × Env) ' K → ℘(Env)
&?;=X3¢o?MO;U?VKNRo>@R9cO`
^U;UVKO>
Ac '
(
K1×K2 → ℘(Env1×Env2)
)
×
(
K1 → ℘(Env1)
)
×
(
K2 → ℘(Env2)
) ¨4oª
S=KO?0j{XYMdMO;=?s5?x9VWTUTUVWTUxRY MO;=VWK%KN?1P MZVRoT;]?0>?0T.MZKRY
Ac
>X3ITURYM%s_?cO?0^UcO?1KN?0T.MZXYs=?o
7QR%?¢o?cMZ;U?XYs_KfMZcZXoP MjJRo>@X9VT
Ac
KNMOVWjJ?=TU?0KXYTXYs_KfMZcZXoP MKO?>XYT.MOVPK(MO;=XYMVMVWK
KOV>@^UW?cMO;_XYT¤MZ;U?PR9T_PcZ?MO?PRoW?0PMOVWTUx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γfc
(〈
{〈s, n0 = n=1〉},
{〈c3, n0 = n=1 ∧ x=0〉, 〈c3, n0 = n=2 ∧ x=1〉}
〉)
= γfc
(〈
{〈s, n0 = n=1〉},
{〈c3, n0 = n=2 ∧ x=1〉}
〉)
= {〈s, n0 = n=1〉, 〈c3, n0 = n=2 ∧ x=1〉 · 〈s, n0 = n=1〉}
 \^ \^-# 	&# :\2:\ .D 〈c3, n0 = n = 1 ∧ x = 0〉 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apostc : Ac → Ac
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post : Si → Si
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apostc
X9PP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apost(c
〈R〉
−−→ c′)(Yhd , Y
1
tl , Y
2
tl ) = (Zhd , Z
1
tl , Z
2
tl)
VMO;
Zhd =



〈c′, ε′, c2, (ε2)′〉
∣
∣
∣
∣
∣
∣
〈c, ε, c2, ε2〉 ∈ Yhd
R(ε, ε′) ∧ ε(g0, fp0) = ε
′(g0, fp0)
(ε2)′ = ε2[g 7→ ε′(g)]



¨fq0uoXoª
Z1tl = Y
1
tl
¨fq1uYs_ª
Z2tl = Y
2
tl
¨fq0uoP0ª
apost(c
〈cally:=Pj(x)〉
−−−−−−−−−−→ sj)(Yhd , Y
1
tl , Y
2
tl ) = (Zhd , Z
1
tl , Z
2
tl )
VMO;
Zhd =
{
〈sj , εj , c
2, ε2〉
∣
∣
∣
∣
〈c, ε, c2, ε2〉 ∈ Yhd
R+
y:=Pj(x)
(ε, εj)
} ¨fq9q1Xoª
Z1tl = Y
1
tl ∪
{
〈c, ε〉 | 〈c, ε, c2, ε2〉 ∈ Yhd
} ¨fqoqs_ª
Z2
tl
= Y 2
tl
¨fq9q1P0ª
apost(ej
〈rety:=Pj(x)〉
−−−−−−−−−→ c)(Yhd , Y
1
tl , Y
2
tl ) = (Zhd , Z
1
tl , Z
2
tl)
VMZ;
Zhd =



〈c′, ε′, c2, (ε2)′〉
∣
∣
∣
∣
∣
∣
∣
∣
〈ej , εj , c2, ε2〉 ∈ Yhd ∧ 〈call(c), ε〉 ∈ Y 1tl
ε(g,x) = εj(g0, fp
j
0)
R−
y:=Pj(x)
(ε, εj , ε
′)
(ε2)′ = ε2[g 7→ ε′(g)]



¨fq1t9Xoª
Z1
tl
= Y 1
tl
¨fq3ts_ª
Z2
tl
= Y 2
tl
¨fq1t9P0ª
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X9P MZV¢XYMOVWR9TcZ?0PR9ckjhVT
rhd ∈ Yhd
X9T=jXMkXYVWX9P MZV¢XYMOVWR9TcZ?0PR9ckj
r1
tl
∈ Y 1
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VWTMZ;U?KfMkX9PkhRYdMZ;UcZ?0X9j¥q9
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jJ?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:
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>@RJjJV=?0jMZRDcZ?I_?0P MMZ;U?TU?¢3X9S=?0K
RYdx9WR9s_XY¢XYcZVXYsUW?0K¨©;U?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cZ¢9?
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R9ckjUKdcZR9>
Y 1
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Fc[X0](Y ) = αc(X0)t
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X ∈ Si
)( <d"(%.DC#%  # !
apostc ◦α(X) w αc ◦ post(X)
 S	&#G! "   ( τ 	&#NU	 
E Q   	^#%%	! apostc(τ) ◦ α(X) = α ◦
post(τ)(X)    ( τ 	&#   % 	^#%%	! apostc(τ) ◦ α(X) w α ◦ post(τ)(X)
 ² ~ ² ' ' J~ ¯  `Y'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#
X0, X ∈ Si
)( <d"(%.D #%  # !
Fc[X0] ◦ αc(X) w
αc ◦ F [X0](X)
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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Fc[X0](αc(X)) = αc(X0) t apostc(αc(X))
w αc(X0) t αc(post(X)) = αc(X0 ∪ post(X))
= αc(F [X0](X)) 2

 R9M&KOSUcZ^UcOVKOVTUxoIoMZ;U?X9s=KNMOckX9P M&KN?0>@X9T.MOVPK
VWK
?1KOK"^UcZ?0PVKO?dR9c
cO?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VMZITU?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αc ◦ post ◦γc
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τ
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αc ◦ post(τ) : ℘(Si) → Ac
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τ = c
〈R〉
−−−→ c′
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1 +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apostc(τ)
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apostc(τ) ◦ αc
 O2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apostc(τ) ◦ αc
$%)12
αc ◦ post(τ)
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αc ◦ post(τ)
`˘˙
Γ1 ·〈c, ε〉, Γ2 ·〈c2, ε2〉
¸¯´
= αc
0
@
8
<
:
˙
Γ1 ·〈c′, ε′〉, Γ2 ·〈c2, (ε2)′〉
¸
˛
˛
˛
˛
˛
˛
R(ε, ε′)
ε(g0, fp0) = ε
′(g0, fp0)
(ε2)′ = ε2[g 7→ ε′(g)]
9
=
;
1
A
=
*
˘˙
c′, ε′, c2, (ε2)′
¸
| R(ε, ε′) ∧ ε(g0, fp0) = ε
′(g0, fp0) ∧ (ε
2)′ = ε2[g 7→ ε′(g)]
¯
,
elts(Γ1),
elts(Γ2)
+
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apostc(τ) ◦ α
“n
˙
Γ1 ·〈c, ε〉, Γ2 ·〈c2, ε2〉
¸
o”
= apostc(τ)
0
@
8
<
:
*
˘˙
c, ε, c2, ε2
¸¯
,
elts(Γ1),
elts(Γ2)
+
9
=
;
1
A
=
*
˘˙
c′, ε′, c2, (ε2)′
¸
| R(ε, ε′) ∧ ε(g0, fp0) = ε
′(g0, fp0) ∧ (ε
2)′ = ε2[g 7→ ε′(g)]
¯
,
elts(Γ1),
elts(Γ2)
+
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τ = c
call y:=Pj(x)
−−−−−−−−−→ sj
:_>'1 +A-"$%.-"7&(/)10# %)
apostc(τ)
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apostc(τ) ◦ αc
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apostc(τ) ◦ αc
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)2
αc ◦ post(τ)
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αc ◦ post(τ)
“n
˙
Γ1 ·〈c, ε〉, Γ2 ·〈c2, ε2〉
¸
o”
= αc
“n
˙
Γ
1
·〈c, ε〉·〈sj , εj〉, Γ
2
·〈c
2
, ε
2
〉
¸
| R
+
y:=Pj (x)
(ε, εj)
o”
=
*
˘˙
sj , εj , c
2, ε2
¸
| R+
y:=Pj(x)
(ε, εj)
¯
,
elts(Γ1) ∪ {〈c, ε〉},
elts(Γ2)
+
XYX[Z\^]%]_E`
q0v   %
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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>')#"1%#"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apostc(τ) ◦ α
“n
˙
Γ1 ·〈c, ε〉, Γ2 ·〈c2, ε2〉
¸
o”
= apostc(τ)
0
@
8
<
:
*
˘˙
c, ε, c2, ε2
¸¯
,
elts(Γ1),
elts(Γ2)
+
9
=
;
1
A
=
*
˘˙
sj , εj , c
2, ε2
¸
| R+
y:=Pj (x)
(ε, εj)
¯
,
elts(Γ1) ∪ {〈c, ε〉},
elts(Γ2)
+
[ "JST ]P51 )?$%!DF/$W(:
;=< 
τ = ej
ret y:=Pj(x)
−−−−−−−−−→ c
:  
apost
hd
(τ)
N")10
apost(τ)
N A)1	A21 # /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%?/1)W  %
αc ◦ post(τ)
: [ "F/ STU0$%)1)% %#$ ) $%) DF/$W  J*Z//7$R/)12)16 )0W / 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4
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
Y
$6#N%&STW W 9&(%#462A#$%#	
post(τ)(Y ) =
(
˙
Γ1 ·〈c, ε′〉, Γ2 ·〈c2, (ε2)′〉
¸
˛
˛
˛
˛
˛
˙
Γ1 ·〈call(c), ε〉·〈ej , εj〉, Γ
2 ·〈c2, (ε2)′〉
¸
∈ Y
R−
y:=Pj(x)
(ε, εj , ε
′) ∧ (ε2)′ = ε2[g 7→ ε′(g)]
)
[ "F/
αhd ◦ post(τ)(Y ) =
(
˙
c, c
2
, ε
′
, (ε
2
)
′¸
˛
˛
˛
˛
˛
˙
Γ1 ·〈call(c), ε〉·〈ej , εj〉, Γ
2 ·〈c2, (ε2)′〉
¸
∈ Y
R−
y:=Pj (x)
(ε, εj , ε
′) ∧ (ε2)′ = ε2[g 7→ ε′(g)]
)
=
8
>
<
>
:
˙
c, c
2
, ε
′
, (ε
2
)
′¸
˛
˛
˛
˛
˛
˛
˛
˙
Γ1 ·〈call(c), ε〉·〈ej , εj〉, Γ
2 ·〈c2, (ε2)′〉
¸
∈ Y
ε(g,x) = εj(g0, fpj)
R−
y:=Pj(x)
(ε, εj , ε
′) ∧ (ε2)′ = ε2[g 7→ ε′(g)]
9
>
=
>
;
α
1
tl
◦ post(τ)(Y ) =
[
n
elts(Γ1) |
˙
Γ1 ·〈call(c), ε〉·〈ej , εj〉, Γ
2¸ ∈ Y
o
α
2
tl
◦ post(τ)(Y ) = α2
tl
(Y )
>')#"1%#"N"$)2
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4 BEDF)RGJI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apost
hd
(τ) ◦ αc(Y ) = aposthd (τ)(〈Yhd , Y
1
tl
, Y
2
tl
〉)
=
8
>
>
<
>
>
:
˙
c, ε
′
, c
2
, (ε
2
)
′¸
˛
˛
˛
˛
˛
˛
˛
˛
˛
〈ej , εj , c
2, ε2〉 ∈ Yhd
〈call(c), ε〉 ∈ Y 1
tl
ε(g,x) = εj(g0, fpj)
R−
y:=Pj (x)
(ε, εj , ε
′) ∧ (ε2)′ = ε2[g 7→ ε′(g)]
9
>
>
=
>
>
;
=
8
>
>
<
>
>
:
˙
c, ε
′
, c
2
, (ε2)′
¸
˛
˛
˛
˛
˛
˛
˛
˛
˛
˙
Γ1 ·〈ej , εj〉, Γ
2 ·〈c2, ε2〉
¸
∈ Y
˙
Ω10 ·〈call(c), ε〉·Ω
1
1, Ω
2
¸
∈ Y
ε(g,x) = εj(g0, fpj)
R−
y:=Pj (x)
(ε, εj , ε
′) ∧ (ε2)′ = ε2[g 7→ ε′(g)]
9
>
>
=
>
>
;
w αhd ◦ post(τ)(Y )
34XBEDF)HGJI
%1M
apost1
tl
(τ) ◦ αc(Y ) = α
1
tl
(Y ) w α1
tl
◦ post(τ)(Y )34XBEDF)HGJI
%0M-
apost2
tl
(τ) ◦ αc(Y ) = α
2
tl
(Y ) = α2
tl
◦ post(τ)(Y )
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aprec : A
b
c → A
b
cVT=jUS=P?1jsLIMO;U?(PRoT=PcZ?MZ?^UcO?1PRoT=jJVMOVWR9T
pre : Sbi → S
b
i

	 ~ ²
]² |
©}
 ² 
aprec

 | ² ~3~ ® 9}{ 
 
 ~ ² 
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 ²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pre
 `  ! #
X ∈ Si
)( <d"(%.  #%%# !
aprec ◦α(X) w αc ◦ pre(X)
 8	&#"! "
&('X)&+*
 
		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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apre(c
〈R〉
−−→ c′)(Yhd , Y
1
tl , Y
2
tl ) = (Zhd , Z
1
tl , Z
2
tl)
VMZ;
Zhd =



〈c, ε, c2, ε2〉
∣
∣
∣
∣
∣
∣
〈c′, ε′, c2, (ε2)′〉 ∈ Yhd
R(ε′, ε) ∧ ε′(g0, fr0) = ε(g0, fr0)
ε2 = (ε2)′[g 7→ ε(g)]



¨fq1w9X.ª
Z1tl = Y
1
tl
¨fq1wYs_ª
Z2tl = Y
2
tl
¨fq1w9P0ª
apre(c
〈cally:=Pj(x)〉
−−−−−−−−−−→ sj)(Yhd , Y
1
tl , Y
2
tl ) = (Zhd , Z
1
tl , Z
2
tl)
VMO;
Zhd =



〈c, ε′, c2, ε2〉
∣
∣
∣
∣
∣
∣
〈c, ε〉 ∈ Y 1
tl
∧ 〈sj , εj , c
2, ε2〉 ∈ Yhd
ε(g0,y1) = εj(g0, fr
j
0)
R+〈y:=Pj(x)〉(ε, εj , ε
′)



¨fqEAoX.ª
Z1tl = Y
1
tl
¨fqEA9s_ª
Z2tl = Y
2
tl
¨fqEAoP0ª
apre(ej
〈rety:=Pj(x)〉
−−−−−−−−−→ c)(Yhd , Y
1
tl , Y
2
tl ) = (Zhd , Z
1
tl , Z
2
tl )
VMZ;
Zhd =



〈ej , εj , c
2, (ε2)′〉
∣
∣
∣
∣
∣
∣
〈c, ε, c2, ε2〉 ∈ Yhd
R−〈y:=Pj(x)〉(ε, ε
′, εj)
(ε2)′ = ε2[g 7→ εj(g)]



¨fq$9YX.ª
Z1
tl
= Y 1
tl
∪
{
〈call(c), ε′〉 | 〈c, ε, c2, ε2〉 ∈ Yhd ∧ R
−
〈y:=Pj(x)〉
(ε, ε′, εj)
} ¨fq$9s_ª
Z2tl = Y
2
tl
¨fq$9YP0ª
:&XYsUW?(v^BdgQs_KfMZcZXoP M^UcZ?0PRoT=jJVMOVWR9T
aprec = 〈aprehd , apre
1
tl
, apre2
tl
〉 : Ac → Ac
   ( τ 	&#D 	E J   %T	^#%
%	 ! aprec(τ) ◦ α(X) = α ◦
pre(τ)(X)    ( τ 	&#  	^#%%	! aprec(τ) ◦ α(X) w α ◦ pre(τ)(X)
	
R a .#"1$	&9%$)+*
τ

-"O&(/1)0# )
αc ◦ pre(τ) : ℘(Si) → Ac
 ^2 # 1/P#  +%
$^$
04653 # )7%&21 # /#  8&9/)0- 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:
;=< 
τ = c
〈R〉
−−−→ c′
:!>'# ^#"$%'#"1^&(/1)0# )
aprec(τ)
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27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aprec(τ) ◦ αc
 621 # /#  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aprec(τ) ◦ αc
$%)12
αc ◦ pre(τ)
%)C )1V%W #)C#:
14XBEDF)RG(YJ)+#$MZST."$ +
αc ◦ pre(τ)
“n
˙
Γ1 ·〈c′, ε〉, Γ2 ·〈c2, ε2〉
¸
o”
= αc
“n
˙
Γ1 ·〈c, ε′〉, Γ2 ·〈c2, (ε2)′〉
¸
| R(ε′, ε) ∧ ε′(g0, fr0) = ε(g0, fr0) ∧ (ε
2)′ = ε2[g 7→ ε′(g)]
o”
=
*
˘˙
c, ε′, c2, (ε2)′
¸
| R(ε′, ε) ∧ ε′(g0, fr0) = ε(g0, fr0) ∧ (ε
2)′ = ε2[g 7→ ε′(g)]
¯
,
elts(Γ1),
elts(Γ2)
+
XYX[Z\^]%]_E`
tYu   %
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 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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aprec(τ) ◦ α
“n
˙
Γ1 ·〈c′, ε〉, Γ2 ·〈c2, ε2〉
¸
o”
= aprec(τ)
0
@
8
<
:
*
˘˙
c′, ε′, c2, (ε2)′
¸¯
,
elts(Γ1),
elts(Γ2)
+
9
=
;
1
A
=
*
˘˙
c, ε, c2, ε2
¸
| R(ε(g, l), ε′(g, l)) ∧ ε(g0) = ε
′(g0) ∧ (ε
2)′ = ε2[g 7→ ε(g)]
¯
,
elts(Γ1),
elts(Γ2)
+
[ "JST ]P51 )?$%!DF/$W(:
;=< 
τ = c
call y:=Pj (x)
−−−−−−−−−→ sj
:  
apre
hd
(τ)
?")0
apre(τ)
? A)%A21 # /#  %Z$)2_ST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)1	N%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pre(τ)(Y ) =
n
˙
Γ1 ·〈c, ε〉, Γ2
¸
˛
˛
˛
˙
Γ1 ·〈c, ε〉·〈sj , εj〉, Γ
2¸ ∈ Y
o
[ "F/
αhd ◦ pre(τ)(Y ) =
n
˙
c, c
2
, ε, ε
2¸
˛
˛
˛
˙
Γ1 ·〈c, ε〉·〈sj , εj〉, Γ
2¸ ∈ Y
o
=
n
˙
c, c
2
, ε, ε
2¸
˛
˛
˛
˙
Γ
1
·〈c, ε〉·〈sj , εj〉, Γ
2¸
∈ Y ∧ ε(g0,y1) = εj(g0, fr
j
0)
o
α
1
tl
◦ pre(τ)(Y ) =
[
n
elts(Γ1) |
˙
Γ1 ·〈c, ε〉·〈sj , εj〉, Γ
2¸ ∈ Y
o
α
2
tl
◦ pre(τ)(Y ) = α2
tl
(Y )
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%#"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$)2
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apre
hd
(τ) ◦ αc(Y ) = aprehd (τ)(〈Yhd , Y
1
tl
, Y
2
tl
〉)
=
8
>
>
<
>
>
:
˙
c, ε
′
, c
2
, ε
2¸
˛
˛
˛
˛
˛
˛
˛
˛
˛
〈sj , εj , c
2, ε2〉 ∈ Yhd
〈c, ε〉 ∈ Y 1
tl
ε(g0,y1) = εj(g0, fr
j
0)
R+
〈y:=Pj (x)〉
(ε, εj , ε
′)
9
>
>
=
>
>
;
=
8
>
>
<
>
>
:
˙
c, ε
′
, c
2
, ε
2¸
˛
˛
˛
˛
˛
˛
˛
˛
˛
˙
Γ1 ·〈sj , εj〉, Γ
2 ·〈c2, ε2〉
¸
∈ Y
˙
Ω10 ·〈c, ε〉·Ω
1
1, Ω
2
¸
∈ Y
ε(g0,y1) = εj(g0, fr
j
0)
R+
〈y:=Pj(x)〉
(ε, εj , ε
′)
9
>
>
=
>
>
;
w αhd ◦ pre(τ)(Y )
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W W ?M?$)2RG^M
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apre1
tl
(τ) ◦ αc(Y ) = α
1
tl
(Y ) w α1
tl
◦ pre(τ)(Y )34XBEDF)HGJI  0M-
apre2
tl
(τ) ◦ αc(Y ) = α
2
tl
(Y ) = α2
tl
◦ pre(τ)(Y )
;=< 
τ = ej
ret y:=Pj (x)
−−−−−−−−−→ c
: >'1 +C#"$% #"1 &(/1)0# )
aprec(τ)
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aprec(τ) ◦ αc
 82 # 1/P#  +%:ZQR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465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
aprec(τ) ◦ αc
$%)12
αc ◦ pre(τ)
%)C )1V%W #)7##:
34XBEDF)HG?-aM?$%)127-"STW W (&9%4621)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αc ◦ pre(τ)
“n
˙
Γ1 ·〈c, ε〉, Γ2 ·〈c2, ε2〉
¸
o”
= αc
 (
˙
Γ1 ·〈call(c), ε′〉·〈ej , εj〉, Γ
2 ·〈c2, (ε2)′〉
¸
˛
˛
˛
˛
˛
R−
〈y:=Pj(x)〉
(ε, ε′, εj)
(ε2)′ = ε2[g 7→ ε′(g)]
)!
=
*
˘˙
ej , εj , c
2, (ε2)′
¸
| R−
〈y:=Pj (x)〉
(ε, ε′, εj) ∧ (ε
2)′ = ε2[g 7→ ε′(g)]
¯
,
elts(Γ1) ∪ {〈call(c), ε′〉 | R−
〈y:=Pj(x)〉
(ε, ε′, εj)},
elts(Γ2)
+
&('X)&+*
 
		 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)(* %+,-.'# tUq
>')#"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aprec(τ) ◦ α
“n
˙
Γ
1
·〈c, ε〉, Γ
2
·〈c
2
, ε
2
〉
¸
o”
= aprec(τ)
0
@
8
<
:
*
˘˙
c, ε, c2, ε2
¸¯
,
elts(Γ1),
elts(Γ2)
+
9
=
;
1
A
=
*

˙
ej , εj , c
2, (ε2)′
¸
| R−
〈y:=Pj (x)〉
(ε, ε′, εj) ∧ (ε
2)′ = ε2[g 7→ ε′(g)]
ff
,
elts(Γ1) ∪ {〈call(c), ε′〉 | R−
〈y:=Pj (x)〉
(ε, ε′, εj) ∧ },
elts(Γ2)
+
[ "\ST7]P5# %)1Z$^DF/1$%W(:
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areachc(X0) = 〈Yhd , Y 1tl , ∅〉
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Yhd =
{
〈c1, ε1, c2, ε2〉 |
〈
Γ1 · 〈c1, ε1〉, 〈c2, ε2〉
〉
∈ reach(X0)
}
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×
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K2 × Env
)+
)
−−−→←−−−αc
γc
Ac
︷ ︸︸ ︷
(
K1×K2 → ℘(Env )
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K1 → ℘(Env)
)
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K2 → ℘(Env)
)
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(
K2 → Env ]
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〈Xhd , X1tl , X
2
tl
〉 ∈ Ac
?;=X3¢o?



Xhd (c
1, c2)(g, g0, fp0, l, g
2
0, fp
2
0, l
2) ∈ ℘(Env1 × Env2)
X1
tl
(c1)(g, g10, fp
1
0, l
1) ∈ ℘(Env1)
X2
tl
(c2)(g, g20, fp
2
0, l
2) ∈ ℘(Env2) ?jJ?=TU?(s5?WR
Z = apostc(τ)(Y )
RocMO;U?(¢XYcZVWR9S=K%VWT=KfMZcOS_P MOVWR9T
τ

τ = c
〈R〉
−−→ c′
Zhd(c
′, c2)(g′,g0, fp0, l
′,g20, fp
2
0, l
2) = ∃g, l :
{
Yhd (c, c
2)(g,g0, fp0, l,g
2
0, fp
2
0, l
2)
∧R(g, l,g′, l′) ¨fqpX.ª
Z1
tl
= Y 1
tl
¨fqp3s_ª
Z2
tl
= Y 2
tl
¨fqpP0ª
τ = c
〈cally:=Pj(x)〉
−−−−−−−−−−→ sj
Zhd (sj , c
2)(g,g′0, fp
′
0, l
′,g20, fp
2
0, l
2) = ∃g0, fp0, l :{
Yhd (c, c
2)(g,g0, fp0, l,g
2
0, fp
2
0, l
2)
∧(g′0, fp
′
0, fp
′) = (g,x,x) ¨fq1v9X.ª
Z1
tl
(c)(g,g0, fp0, l) = Y
1
tl
(c)(g,g0, fp0, l) ∨
∃g20, fp
2
0, l
2 : Yhd (c)(g,g0, fp0, l,g
2
0, fp
2
0, l
2)¨fq1vYs_ª
Z2
tl
= Y 2
tl
¨fq1v9P0ª
τ = ej
〈rety:=Pj(x)〉
−−−−−−−−−→ c
Zhd (c, c
2)(g′′,g0, fp0, l
′′,g20, fp
2
0, l
2) = ∃g, l,g′,g′0, lj :


Y 1
tl
(call(c))(g,g0, fp0, l)
∧Yhd (ej , c
2)(g′,g′0, fp
′
0, l
′,g20, fp
2
0, l
2)
∧(g,x) = (g′0, fp
′
0)
∧(g \ y)′′ = (g \ y)′
∧(l \ y)′′ = (l \ y)
∧y′′ = fr′ ¨fq49X.ª
Z1
tl
= Y 1
tl
¨fq4Ys_ª
Z2tl = Y
2
tl
¨fq49P0ª
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k ·ϕ(g + l) kn ·ϕ(g + nl)cO?1PSUckKNVWR9T
2k ·ϕ(2g + l) kn ·ϕ(g + n(g + l)) + nk ·ϕ(2g + l)
n
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℘(Env) ' ℘(2 − STRUCT ) −−→←−− ℘(3 − BSTRUCT )
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